It is claimed that ultra-relativistic, magnetized, electron-ion shocks are, for most magnetic geometries, poor accelerators of non-thermal particles. The phenomenon of "missing" early X-ray afterglow observed in many of the Swift gamma-ray burst (GRB) afterglow data may simply be due to this fact. Rapid time variability of the X-ray emission could be produced by fluctuations in the orientation of the ambient magnetic field.
Introduction
Diffusive shock acceleration (DSA) has been quite successful in describing the origin of energetic particle populations in astrophysics (e.g., Blandford & Eichler 1987; Jones & Ellison 1991) . The basic principle is that particles are scattered while they are compressed by the converging flow at a shock front. The amount of compression they undergo is thus a stochastic distribution, resulting in a power law distribution of momenta in the test-particle approximation (Krymsky 1977; Axford, Leer, & Skadron 1977; Bell 1978; Blandford & Ostriker 1978) . For the mechanism to work and produce a power law, however, enough scattering is required to keep at least a small fraction of particles recrossing the shock indefinitely. This seems easy to achieved in quasi-parallel, nonrelativistic shocks with self-generated turbulence, but is not necessarily the case for highly oblique shocks.
The difficulty with highly oblique shocks comes about because the laminar magnetic field may suffice to reverse the directions of particles without turbulence, so the latter need not play a significant role. Moreover, there may be too few reflected or backstreaming particles to excite the turbulence needed to scatter the particles. The decline of the backstreaming population with increasing angle θ B0 between the shock normal and the upstream magnetic field is both observed in the heliosphere (e.g., Baring et al. 1997 ) and expected theoretically (e.g., Edmiston et al. 1982; Decker 1988; Ellison, Baring & Jones 1996) .
Observations of shocks in the heliosphere give guidance in this area but care must be taken for two main reasons in interpreting spacecraft results and applying these results to shocks outside the heliosphere, such as those in GRBs. First, heliospheric shocks are all low Mach number and low speed. Second, interpreting observations of the well studied Earth bow shock is problematic because the bow shock has a pathological geometry. Because of the tilt of the average Parker spiral interplanetary magnetic field in the solar wind, the field sweeps across the bow shock rapidly enough that there is no time for particles reflected from quasi-perpendicular regions of the shock to generate turbulence locally. This geometry is quite different from that expected in a supernova remnant blast wave or the forward shock in a GRB. Interplanetary traveling shocks (IPSs) have a geometry more similar to an expanding blast wave and highly oblique IPSs have been observed to inject thermal particles and create a superthermal population (see Baring et al. 1997; Shimada et al. 1999 ). In the IPS cases, Baring et al. (1997) were able to fit the observed energetic particle data behind highly oblique IPSs, θ B0 > 70
• , by assuming strong scattering ( η mfp ∼ 5, where η mfp is defined below). These highly oblique shocks were not, however, efficient accelerators of thermal particles in terms of the fraction of shock ram kinetic energy placed in superthermal particles.
There is also evidence for diffusive shock acceleration of the anomalous cosmic rays at the nearly perpendicular solar wind termination shock (e.g., Ellison, Jones & Baring 1999) , and many supernova remnants (SNRs) show nearly spherical radio profiles suggesting that acceleration of electrons occurs for a wide range of θ B0 (see Rothenflug et al. 2004 , for a discussion of SN1006 where acceleration is probably not occurring at oblique portions of the outer blast wave).
What is not clear in these examples, where no in situ observations can be made, is the role of pre-existing magnetic fluctuations. In nonrelativistic shocks, one could argue that pre-existing magnetic fluctuations in the upstream fluid cause local deviations in θ B0 . Thus, there could be patches of local field geometry that are favorable for particle injection and acceleration and once the process begins, the energetic population will further disrupt the field and produce turbulence on scales not present in the ambient medium.
For ultra-relativistic shocks, on the other hand, local fluctuations in the upstream field are much less likely to produce strong fluctuations in the local shock obliquity. Nearly all magnetic field directions in the upstream fluid translate, after proper Lorentz transformations, to a field geometry that is nearly perpendicular, i.e., π/2 − θ B0 ∼ 1/Γ 0 , where Γ 0 ≫ 1 is the Lorentz factor of the unshocked plasma in the shock frame. Such a field geometry makes the worst conditions for particle injection and subsequent self-induced scattering.
A theorem by Jones, Jokipii & Baring (1998) (JJB) is quite pertinent to this issue. The theorem notes that in a flow with a direction of symmetry, particles' gyro-orbits cannot cross field lines except along the direction of symmetry, thus they cannot diffuse upstream and cannot recross the shock indefinitely. They note that 1D and 2D particle-in-cell (PIC) simulations of particle orbits at perpendicular shock fronts are mathematically prohibited from displaying diffusive shock acceleration and conclude that such simulations "would incorrectly infer that significant acceleration cannot occur in such quasi-perpendicular shocks." This may be a legitimate argument for non-relativistic shocks propagating through a magnetically turbulent plasma.
When it comes to magnetized ultra-relativistic shocks, however, we suggest that the theorem describes with reasonable accuracy the actual physical situation and correctly explains why there should not be efficient diffusive particle acceleration. The JJB theorem states that when there is a direction of symmetry, particles cannot wander more than one gyroradius from a given field surface defined by a given field line and the direction of symmetry (the equivalence class of that field line). For ultra-relativistic shocks, it is clear that particles cannot wander more than one gyroradius upstream of the shock under any realistic circumstances when the field is sufficiently perpendicular, because their velocity along the field line upstream (β c), projected back onto the shock normal (β c cos θ ≪ c), must be less than the flow velocity into the shock (β s c ∼ c). This kinematic argument and the dynamical argument of JJB are mutually reenforcing when relativistic kinematics suppress the deviations from the average field direction.
It is therefore hard to see how diffusive shock acceleration could work for magnetized, ultrarelativistic perpendicular shocks unless there is strong scattering within a single gyroorbit. [The conditions for a magnetized shock versus a Weibel instability shock have been discussed by Lyubarsky and Eichler (2006) .] This would require extremely strong turbulence. The only obvious free energy source for instability that would generate strong turbulence at a magnetized shock is the gyro-motion of the particles. Such instability is seen at some level in some simulations (e.g., Lyubarsky 2006, Spitkovsky, private communication) , but the level of turbulence is too low to give strong scattering. Typically, particles first crossing the shock seem to complete at least one gyration (though not many) before scattering disrupts their coherence.
Shock Acceleration Model
In order to demonstrate the effects of weak scattering on DSA in relativistic shocks we show results from a Monte Carlo simulation of test-particle acceleration in oblique shocks (Ellison & Double 2004) . The model approximates the unknown plasma physics with a phenomenological model of particle diffusion where particles pitch-angle scatter with a mean free path along the local magnetic field, λ, proportional to the gyroradius r g = pc/(eB), i.e., λ = η mfp r g , where η mfp is a measure of the "strength" of scattering, p is the particle momentum in the local frame, e is the electronic charge, and B is the local uniform magnetic field in Gaussian units. The strong scattering limit, η mfp = 1, is called Bohm diffusion and in this limit, a particle crosses a field line approximately every gyro-period (see Ellison & Double 2004 , for a full discussion). For η mfp ≫ 2π (i.e., weak scattering), a particle gyrates many times before diffusing across a field line.
In oblique, nonrelativistic, test-particle shocks, η mfp influences the fraction of particles that are injected and accelerated, but does not influence the slope of the power law. Once the shock becomes relativistic, however, η mfp influences both the fraction of injected particles and the power law index as shown below. Ellison & Double (2004) define an additional scattering parameter, N g , such that δt = τ g /N g , where N g ≫ 1 is the number of gyro-time segments, δt, dividing a gyro-period τ g = 2πr g /v p (v p is the particle speed in the local plasma frame). A large N g means particles make many pitch angle scatterings during a gyro-period, each with a small angular deviation. The size of the angular deviation depends on η mfp . A particular value of η mfp means particles will, on average, scatter through ∼ 90
• while traversing a distance ∼ η mfp r g . This implies, of course, that magnetic fluctuations with sufficient power exist with correlation lengths on the order of L c = 2πη mfp r g /N g . The smaller N g becomes, the more the scattering resembles "large-angle scattering" where the direction of the momentum vector is randomized in a few interactions with the background magnetic field. For nonrelativistic shocks, N g has little effect on the results and then only when v p is on the order of the flow speed. For relativistic shocks, however, N g is important and the value required for "convergent" spectra, i.e., those where the power law spectral index asymptotically approaches a fixed value, increases as Γ 2 0 . In all of the results here, we show convergent spectra.
In Figure 1 we show results where test-particles have been accelerated in a relativistic, oblique shock. For this particular example, Γ 0 = 20, θ B0 = 60
• , and we have varied η mfp as indicated. In the top panel, we show phase space distributions calculated downstream from the shock in the shock reference frame and multiplied by p 4.23 . The convergent power law index for ultra-relativistic shocks is known to be p −4.23 (e.g., Bednarz & Ostrowski 1998; Achterberg et al. 2001) , and this is not quite obtained for η mfp = 10. As Γ 0 is increased, Fig. 1 .-The top panel shows shock-frame, phase-space distributions, multiplied by p 4.23 , for shocks with a variety of scattering strengths, as indicated by η mfp . All shocks have a Lorentz factor Γ 0 = 20 and an angle between the magnetic field and the shock normal, measured in the upstream frame, of θ B0 = 60
• . The bottom panel shows the same results normalized to show the fraction of total particles that are accelerated to momentum p or above. Note that these results are for a single species plasma (protons) and we do not attempt to describe the relative acceleration of, for example, electrons and protons. the power law portion approaches p −4.23 but, to maintain this spectral index, larger values of Γ 0 are required for weaker scattering (i.e., larger η mfp ) (see Ellison & Double 2004 , for additional Γ 0 -θ B0 -η mfp combinations). The bottom panel shows the fraction of particles that obtain a momentum p or more and this gives a direct measure of the injection efficiency. As the scattering weakens, the fraction of particles that are injected and accelerated above the thermal peak drops sharply.
It is clear from Figure 1 that too little scattering disables Fermi acceleration for ultrarelativistic shocks. This is because the particle trajectories are not sufficiently stochastic. This is not the case for nonrelativistic shocks, where quasi-parallel magnetic geometries are easily maintained in the shock frame, and particles have stochastic trajectories as long as the mean free path is much less than the size of the system. For an ultrarelativistic shock, the quasi-perpendicular geometry that almost always obtains requires that the particle scatter within about one gyroperiod or so if it is to be accelerated indefinitely. In fact, to obtain spectra consistent with observed synchrotron spectra, at least 1/Γ 0 is sufficient because, for small angle scattering, the particle increases its energy by a factor of ∼ Γ 0 for each shock crossing. [For large angle scattering, particles gain ∼ Γ 2 0 ≫ Γ 0 . and, except for the difficulty in producing large angle scattering, the conditions on scattering for successful stochastic Fermi acceleration are otherwise more relaxed.] To quantify this point, we have computed the maximum η mfp ≡ η crit that can give an energetic particle spectrum no steeper than p −4.5 (or E −2.5 ). This maximum η mfp scales roughly as Γ 0 in the limit of large Γ 0 as expected for ultrarelativistic particle acceleration for small angle scattering. We find that typically the maximum value for η mfp is η crit ∼ Γ 0 /3. On the other hand, it is unlikely that η crit is much less than 2π. Numerical simulations of ultrarelativistic shocks typically show that particles can complete about one gyration without too much scattering ; Spitkovsky to be published). They do not complete many gyrations, so it is likely that the scattering time is of order the gyroperiod (η mfp ∼ 2π). This would imply that diffusive Fermi acceleration is suppressed for Lorentz factors Γ 0 ≥ 6π ∼ 20.
In Figure 2 , we show η crit as a function of Γ 0 for θ B0 = 60
• . The fact that η crit increases with Γ 0 means that stronger scattering is required to produce spectra as hard as p −4.5 at low Lorentz factors. We attribute this to the fact that, because the net gain per shock crossing is roughly proportional to Γ 0 , a smaller fraction is needed to recross the shock to establish a given spectral index. At Γ 0 ∼ 1, of course, the spectra harden again and reach the nonrelativistic, test-particle limit σ ≃ 4 regardless of η mfp .
In Figure 3 , we show η crit as a function of shock angle θ B0 . Clearly, the more perpendicular the field geometry in the frame of the shock, the stronger the scattering must be to produce a p −4.5 power law. Equivalently, if the strength of scattering is fixed, diffusive Fig. 2. -Maximum value of η mfp required to produce a power law with index σ crit = 4.5 or harder, η crit versus Γ 0 . The error bars result from the finite statistics of the Monte Carlo calculations and indicate approximately σ crit = 4.5 ± 0.2. It is noted that the power-law spectral index depends on the shock compression ratio, r, and this smoothly varies from r ∼ 3 for ultra-relativistic shocks to r ∼ 4 for nonrelativistic, test-particle shocks. All of the examples here and in Fig. 3 have r within 1% of 3 except r ∼ 3.3 for Γ 0 = 2 and r ∼ 3.1 for Γ 0 = 5. Fig. 3 .-Maximum value of η mfp required to produce a power law with index σ crit = 4.5 or harder, η crit versus θ B0 . As in Fig. 2 , the error bars indicate approximately σ crit = 4.5 ± 0.2. Note that for sufficiently small θ B0 5
• , no value of η mfp exists for this Γ 0 that produces a spectrum as soft as σ crit = 4.5.
shock acceleration becomes less efficient with increasing obliquity. The large increase in η crit at small θ B0 indicates that nearly parallel shocks can produce hard spectra with weak scattering. In fact, when θ is less than 1/Γ 0 , i.e., when the magnetic geometry is quasi-parallel even in the shock frame, there appears to be no minimum scattering rate (maximum η crit ) for acceptable spectra. This is consistent with the picture for non-relativistic shocks.
As we cautioned above, our phenomenological diffusion model ignores plasma processes, such as cross-shock potentials, that may be important, particularly in electron-proton plasmas. Nevertheless, the general property that shocks have increasing difficulty in generating turbulence and become less efficient accelerators as Γ 0 increases is likely to hold. This inverse correlation between the shock Lorentz factor and the hardness of the particle and, therefore, synchrotron spectra of evolving shocks will have important implications for GRB afterglows as the outer blast wave propagates in the circumstellar medium and slows.
Discussion and Conclusions
Consider the implications for GRB afterglows. Assume that the GRB forward shock propagates into a typical interstellar field B of several microgauss and that the post shock field in the shock frame is 3Γ 0 B. If the thermal post shock electrons have an energy of order γm e c 2 ≡ ǫ e Γ 0 m p c 2 , e.g., from a cross-shock electrostatic potential (Gedalin, Eichler and Balikhin 2007) , then they emit from behind the shock, at an observer frequency of order Γ . Non-thermal electrons could emit at a somewhat higher frequency, and there exists the possibility that the electrons would have a superthermal tail for a variety of reasons extending up to a factor of several, and/or that there is a region of magnetic overshoot, B ′ ≫ 3Γ 0 B just behind the shock (e.g., Gedalin, Eichler & Balikhin 2007) . Altogether, it is quite possible to see highly "reddened" near IR and optical emission just from thermal electrons if the forward shock is near a Lorentz factor of 20. It is thus possible to see optical emission without Xray emission when the latter but not the former requires diffusive shock acceleration. The Lorentz factor of a relativistic blast wave in an ambient medium of number density n 0 cm −3 , having an energy 10 53 E 53 erg, after t hr hours, is Γ = 38 , Waxman, Kulkarni & Frail 1998) . So it is reasonable to suppose that the Lorentz factor will descend below 20 in several hours.
Our contention that diffusive shock acceleration is unlikely in magnetized, ultra-relativistic electron-ion shocks is consistent with simulations (Spitkovsky, private communication and in preparation) as well as the suppression of early X-ray afterglow observed by Swift in many GRBs. Once the Lorentz factor of the forward shock decreases further, the shock can begin diffusive shock acceleration and the X-rays can turn on to their "full" capacity. If Γ 0 is slightly greater than 20, the thermal emission could easily end up in the optical, implying that the radio to optical would be considerably less than what is observed at later times. As the shock becomes mildly relativistic (i.e., Γ 0 2), nonlinear acceleration may set in, particle spectra harder than p −4 may result (Ellison & Double 2002) , and the radio and optical are expected to be non-thermal emission.
The question remains as to why non-thermal spectra are observed in plerions, where the pre-shock winds are expected to be ultra-relativistic. Possible answers to this question include the following: a) The shocks are pair dominated. The shock mechanism in this case can be a Weibel instability because, in contrast to the very high ion-electron mass ratio in GRB induced forward shocks, the electron-positron mass ratio is unity (Lyubarsky & Eichler 2006) . In this case the electrons can be scattered stochastically because the magnetic field is random and never overwhelmingly perpendicular. b) The field has undergone substantial reconnection in the pre-shock wind and lost its large scale orientation. In this case, the topology of the magnetic field islands ensures that there are nearly parallel regions in which some electrons can be accelerated diffusively. c) Maser-induced turbulence accelerates pairs by a different mechanism -e.g., resonant absorption (Hoshino et al. 1992 ).
Multi-wavelength observations at early times are crucial in understanding early afterglow. According to the considerations proposed here, the strong dependence of the afterglow synchrotron spectrum on the Lorentz factor of the forward shock suggests that the data will be rich in variety, depending on the exact parameters and field geometry of the particular source in question.
It is also conceivable that during brief stages, the local field geometry at the shock along our line of sight will just happen to give a quasi-parallel geometry in the shock frame. This then might appear as a brief X-ray flare. In principle, its time scale could be much shorter than the age of the blast wave.
If sudden, large angle scattering can be arranged in the upstream fluid, a particle can gain a factor of Γ 2 0 in each round trip shock crossing. In this case, one might expect extremely hard, non-convergent spectra for ultrarelativistic shocks when Γ 2 0 ≫ η mfp . However, it is difficult to imagine a viable mechanism that would produce large angle scattering, because the shock in any case overtakes upstream particles after they have gyrated by an angle of only ∼ 1/Γ 0 .
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